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論文内容要約 
 
Demand for a distributed power generation system to ensure stability of the power supply increases year by year. Small 
gas turbine, which is the main engine of those systems, is required to further improve the performance and reliability. The 
performance of the gas turbine can be improved by increasing its thermal efficiency. For higher efficiency of the gas turbine, 
increasing the turbine inlet temperature is most effective. As a result, the current turbine inlet temperature exceeds the 
temperature limit of the heat resistant material applied to the hot section. Thus, effective cooling of the hot components is 
essential to increase the reliability of the gas turbine. 
The objective of this study is to improve the internal cooling technology of hot components that can increase the operating 
temperature and reliability of the industrial small gas turbines. For this purpose, flow and heat transfer characteristics of 
convection cooling structures are investigated experimentally and numerically. The hot components of the interest are the 
combustor liner, the front stage turbine blade, and the rear stage turbine blade. Typically, they are internally cooled by using the 
secondary air bled from the compressor in the small gas turbine while the large gas turbine utilizes steam or the cooled 
secondary air by an intercooler. Enhancing the convective heat transfer performance of the internal cooling structures 
significantly contributes to achieving higher operating temperatures with reduced coolant. It plays an important role in the 
improvement of engine performance and reliability. 
In Chapter 2, heat transfer performance and pressure loss of rib-roughened cooling channels with small W-shaped ribs at 
Reynolds numbers up to 550,000 are investigated. Higher Reynolds number setting in the present study than that in most 
literature corresponds to a typical condition for the combustor liner cooling scheme. In addition, heat transfer and pressure loss 
characteristics for very small blockage ratios for W-shaped ribs are explored for the first time to further improve the cooling 
performance for the use of combustor liner. In the evaluation of heat transfer characteristics under the present real engine 
conditions, it is found that the present rib configuration enhances heat transfer by approximately three times that for a fully 
turbulent flow in a smooth channel. It is shown that a sufficient level of heat transfer can be obtained even for considerably low 
blockage ratios (less than 1% of the channel height) by applying the W-shaped ribs. It is also shown that the friction factor is 
3.2 to 4.5 times greater than that for the fully turbulent flow in the smooth channel. 
It is conjectured that the present W-shaped ribs can be considered as roughness element because of its very small blockage 
ratios and evenly distributed pattern. In order to confirm this point, a new scaling approach is attempted for Nusselt and 
Reynolds numbers of W-shaped ribs. The Nusselt numbers based on equivalent roughness eventually fall on a single line. This 
finding greatly helps in the design of the W-shaped rib configuration for a combustor liner.  
Numerically predicted flow pattern indicates the strong secondary flow behind the rib, which entrains the majority of the 
flow near the wall. Comparisons of the area-averaged heat transfer coefficients between the numerical calculation and the 
experiment show that the numerical calculation constantly underestimates the experimental result by approximately 10%.  
In Chapter 3, flow and heat transfer characteristics of a square channel with densely arranged ribs both for stationary and 
rotational conditions are investigated experimentally and numerically. Effects of the rib density and orientation angle on the 
overall and local heat transfer performance are explored for the first time. The rib blockage ratio (e/Dh) is set at 0.13, the 
orientation angles (α) are 60deg and 90deg, and the pitch-to-height ratio (P/e) is varied from 3 to 11. Reynolds number based 
on the hydraulic diameter and bulk velocity of the channel is varied from 30,000 to 70,000. Local heat transfer distribution of 
the ribbed surface is measured by the naphthalene sublimation method applying the analogy between heat and mass transfer. In 
addition, the velocity field is measured with PIV to compare time-averaged flow patterns for various rib arrangement and to 
evaluate the effect of the rib density on instantaneous flow behavior. Numerical analyses using RANS approach and LES are 
conducted for the same rib arrangement.  
The results of the heat transfer experiment shows that the surface area enlargement compensates the decrease of heat 
transfer coefficient even when the ribs are arranged densely. For P/e = 3, the overall heat transfer coefficient is enhanced by 
about five times than that for a smooth channel for both stationary and rotational conditions. The advantage of the dense rib 
arrangement is thus well demonstrated. 
In the numerical analyses, the RANS approach highly underestimates the experimental heat transfer data by 40-50% for 
P/e = 3. On the other hand, discrepancy between the LES and the experiment falls within 25%. It implies that some unsteady 
behavior dominates the flow mechanism around the densely-arranged rib. The time-accurate result of the LES shows a 
long-term periodic vortex motion above the ribs. The heat transfer is enhanced because the temperature field in the inter-rib 
cavity is periodically refreshed by shedding of the relatively large vortex in the mainstream. 
From the heat transfer experiment under rotating condition, it is found that the rotation highly affects local heat transfer, 
especially for the angled rib arrangement. Nevertheless, heat transfer is relatively insensitive to the rotation when the ribs are 
arranged densely. 
In Chapter 4, local flow structures and heat transfer distribution in lattice cooling channels are investigated experimentally 
and numerically. Three-dimensional velocity components, which have never been visualized due to its complicated geometry, 
are successfully measured over the entire duct using an MRI apparatus. The measured results are compared with numerically 
predicted ones to validate the numerical simulation using the RANS approach. In addition, the effect of the rib inclination angle 
on the flow structure is studied. 
The visualized velocity field shows that active interaction between the opposite sub-channels occurs not only at both ends 
of the duct but also at diamond-shaped interfaces of the sub-channels. The exchange of momentum between the upper and 
lower sub-channels at those interfaces leads to a sustained longitudinal vortex in each sub-channel. Moreover, it is found that 
the flow interaction between the opposing sub-channels is determined by the number of vortex pairs and the inclination angle 
of the sub-channels. The flow mechanism speculated in the past is clarified by this experiment. 
Numerically-predicted results show a similar trend as the measured ones; however, the flow interaction between the upper 
and lower sub-channels is overestimated at the turnings and underestimated in the intermediate regions. Nevertheless, the 
numerical approach seems reasonable for a practical design of the lattice cooling structure. 
The results of the heat transfer experiment show that the flow interactions between opposing sub-channels increases heat 
transfer not only the primary surface but also the sidewalls. It is found that the significant amount of heat transfer through the 
sidewalls should be considered for an effective design of the lattice cooling structure. 
 
